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Abstract—This paper investigates the performance of multiple 
input multiple output orthogonal frequency and code division 
multiplexing (MIMO-OFCDM), where practical channel 
estimation is carried out with time-multiplexed pilot signals. 
Conditioned on each channel realization and estimation, the BER 
of MIMO-OFCDM is analytically evaluated, assuming zero-
forcing successive interference cancellation (ZF-SIC) in the space 
domain and minimum mean square error (MMSE) detection in 
the frequency domain. Then, the conditional BER is averaged 
over all channel realizations by means of simulations. It is shown 
that with various channel estimation qualities and channel 
correlation conditions, the proposed semi-analytical approach 
provides precise performance estimations.  
 
Keywords— MIMO, OFCDM, Two-dimensional spreading, 
channel estimation, multi-code transmission 
I. INTRODUCTION 
Wireless access technologies are developing rapidly from 
frequency domain multiplexing access (FDMA), time domain 
multiplexing access (TDMA), code domain multiplexing 
access (CDMA) [1] to the most recent orthogonal frequency 
division multiplexing (OFDM). Combining OFDM with two-
dimensional (2-D) spreading [2], orthogonal frequency and 
code division multiplexing (OFCDM) [3] has been proposed 
as a promising wireless access technique for the downlink 
transmission in future wireless communications. Based on 
OFDM, OFCDM can combat the severe multipath 
interference in a broadband channel. Moreover, using 2-D 
spreading, each data symbol in the OFCDM system is spread 
in time domain with NT chips and in frequency domain with 
NF chips. Given a 2-D spreading of T FN N N= × , there are up 
to N different orthogonal 2-D code channels. Thus, multi-code 
transmission can be employed to increase the data rate. 
Multiple-input and multiple-output (MIMO) multiplexing is 
widely taken as an effective technique to provide high speed 
transmissions in future broadband wireless communications. 
Although MIMO-OFDM has been widely investigated, there 
are only a few studies on MIMO-OFCDM. This paper aims to 
investigate the performance of MIMO-OFCDM with 
imperfect channel estimation. Pilot signals are time-
multiplexed to data signals and used for channel estimation. In 
the multi-code MIMO-OFCDM system, desired data signals 
are interfered by not only co-channel signals from other 
transmit antennas (or multi-antenna interference (MTI)), but 
also multi-code interference (MCI) [4] from other code 
channels. Therefore, zero-forcing successive interference 
cancellation (ZF-SIC) is employed in the space domain to 
combat MTI and minimum mean square error (MMSE) 
detection is used in the frequency domain to suppress MCI. A 
performance analysis is then carried out for uncoded MIMO-
OFCDM. At each step of SIC, given channel estimation, an 
accurate analytical BER can be obtained by taking the 
correlation between error events into account. Then, the 
conditional BER is averaged over all channel realizations to 
get the final BER. It is shown that with various channel 
estimation qualities and channel correlation conditions, the 
proposed semi-analytical approach provides precise 
performance estimations. 
The rest of the paper is organized as follows. Section II 
describes the system model of MIMO-OFCDM. Section III 
presents the semi-analytical approach. Then numerical and 
simulation results are shown in Section IV. Finally, 
conclusions are drawn in the last section. 
II. SYSTEM DESCRIPTION 
A. Transmitter 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The MIMO-OFCDM system transmits independent data 
sub-streams at different antennas in the same frequency band 
simultaneously. Information bits are firstly serial to parallel 
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(S/P) converted into nt sub-streams, corresponding to nt 
transmit antennas. For each antenna, the sub-stream is channel 
coded and processed by the 2-D spread OFCDM and multi-
code transmission with K data code channels [5]. The 2-D 
spread signals from the K code channels are added together at 
the code multiplexer and pass through a chip interleaver in the 
frequency domain. At the same time, known pilot symbols are 
S/P converted into M sub-streams, spread in the time domain, 
and time-multiplexed with data signals. The resultant signals 
are then processed by the IFFT and the guard interval 
insertion. The signal packet structure at each antenna is shown 
in Fig. 1. It can be seen that in the time domain, the packet 
starts with NP OFCDM symbols for pilot, followed by ND 
symbols for data transmission. The duration of each OFCDM 
symbol is Ts=Te+Tg, with Te and Tg denoting the effective 
OFCDM symbol duration and guard interval, respectively. In 
the frequency domain, there are totally M sub-carriers and 
pilot symbols are adopted at each sub-carrier. Finally, in the 
code domain, only one time domain spreading code is used by 
the pilot channel, while K 2-D codes are employed for data 
transmission. Accordingly, the signal transmitted during the ith 
OFCDM symbol on the mth sub-carrier at the pth 
( 0 1tp n≤ ≤ − ) antenna is given by 
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where dpilot,p,m 
is the pilot symbol with a power of  dPβ , dp,i,m,k 
is the data symbol of the kth code channel with a power of dP , 
and ( ),P
p
N ic  and , ,i m kC  are the spreading code for the pilot and 
data channel, respectively. 
B. Channel Estimation 
Assuming a slow fading channel where the fading factor is 
fixed in one packet duration, hq,p,m can be used to denote the 
complex channel fading on the mth sub-carrier from the pth 
transmit antenna to the qth receive antenna. The amplitude and 
phase of hq,p,m are assumed to be Rayleigh distributed with { }2, ,ch q p mP E h=  and uniformly distributed in [ )0, 2π , 
respectively. Furthermore, the sub-carrier correlation 
coefficient in the frequency domain between 
0, ,q p m
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h  is given by 
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where fΔ  is the frequency separation between the th0m  and 
th
1m  sub-carriers and cfΔ  is the coherence bandwidth of the 
channel. For different transmit or receive antennas, the 
channel fading is assumed to be independent to each other. 
At the receiver, after the FFT on the q th ( 0 1rq n≤ ≤ − ) 
receive antenna, the signals on the m th sub-carrier is given by 
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for  1P dN i N≤ ≤ − , where , ,q i mη  is the AWGN noise with 
zero mean and 2nσ  variance. The first PN  signals carry pilot 
symbols and are used for channel estimation. On the m th sub-
carrier, the channel factor from the p th transmit antenna to the 
q th receive antenna is given by 
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where , ,q p mν  is the noise with zero mean and variance of  
( )2 2H n d PP Nσ σ β= . 
C. Signal Detection 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
On each sub-carrier, the data signals are processed by the 
time domain despreader to collect the useful signals in the 
time domain and the resultant signal is denoted as ,q my . Then, 
as illustrated in Fig. 2, a ZF-SIC with QR decomposition is 
employed in the space domain to combat MTI. The QR 
decomposition of the estimated channel matrix ˆ mH  is given 
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Figure 2. Signal detection with ZF-MMSE-SIC at the receiver
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by ˆˆ ˆm m mH Q R= . After multiplying ( )0, 1,, , r Tm m n mY y y −= L  
with ˆ HmQ , the signal is given by  ( )ˆ ˆ ˆˆ
ˆ
H H H
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channel estimation noise matrix, ( )0, 1,, , r Tm m n mη η −Ν = L , and 
mΔ  is the noise vector including the channel estimation error 
and background noise. Due to the upper triangular structure of 
 
mR , the 0th element of mϒ  is free of MTI, but there is MCI 
because the same set of data symbols 0,
0
CK
k
k
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=
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on NF interleaved sub-carriers. Thus, MMSE detection is 
employed in the frequency domain to recover the data symbol 
on each code channel. After MMSE, an estimation of the MTI 
caused by the 0th transmitting antenna is generated and MTI 
cancellation can be carried out on the 1st, 2nd, …, and (nt-1)th 
antennas. In summary, after the MTI cancellation at the sth 
step of ZF-MMSE-SIC, the resultant signal is given by 
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where $ ,p kd  is the data decision on the pth antenna and ,s mMTI  
is the residual MTI. Then, the MMSE weight is given by 
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where 2σ  is the Gaussian noise including channel estimation 
error and background noise.  
The output of MMSE detection is further normalized by 
,0,0,1 ms s m
m
rλ ω= ∑ $  to simplify the notation in performance 
analysis. Finally, the decision variable is given by 
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III. PERFORMANCE ANALYSIS 
A. BER at the 0th step 
Assuming QPSK modulation, the BER of the real part of 0,ky , 
i.e., ,0,I ky , is considered. Given the estimated channel matrix 
on NF sub-carriers { }0ˆ ˆ ˆ ˆ, , ,H F FM N M M NH H H −= L  and 
approximating MCI as a Gaussian variable, the conditional 
BER at the 0th step of ZF-MMSE-SIC is given by 
( ) ( ) ( )( )( )0 2ˆ ,0, ,0,, ˆ ˆPr 2 0 ,H H d II k I keP d d Q P σ= ≠ =   (9) 
where ( ) ( ) ( )2 2 2, , , ,0 0 0I I MCI k I Noi kσ σ σ= +  is the sum of the 
variances of MCI and noise and ( )Q x  is the Q-function. 
( )2, , 0I MCI kσ  and ( )2, , 0I Noi kσ  can be obtained from 
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B. BER at the sth step 
Given channel estimation Hˆ , the conditional BER at the sth 
step is expressed as 
( ) ( )
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where , ,I s kd  is the real part of ,s kd  , 2 2CK +  is the maximum 
number of bit errors at each step, and ( ),0 , 1 ˆPr , , He e sN N −L  
denotes the probability of the event that there are ,0eN , …, 
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, 1e sN −  bit errors at the 0
th, …, ( )th1s −  step, respectively.   
First of all, by taking the interference and noise terms, i.e., 
,s kMTI , ,s kMCI  and ,s kNoi , in the decision variable (8) as 
three independent Gaussian distributed variables, it can be 
obtained that 
{ }( ) ( )( )( )2,0 , 1, , , , ,ˆ ˆPr , , , 2 ,H e e s dI s k I s k I kd d N N Q P sσ−≠ =L  
      (12) 
where ( )2,I k sσ  is the sum of the variance of ,s mMTI , ,s kMCI , 
and ,s kNoi .  
Secondly, the joint event probability ( ),0 , 1 ˆPr , , He e sN N −L  
can be obtained a series of single event probabilities  ( ) ( )
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Since ,0eN  is the total number of bit errors at the 0
th step on 
all KC+1 code channels, ( ),0 ˆPr HeN  is calculated by 
enumerating over all types of error events happened on code 
channels making the sum of bit errors equal to ,0eN  [6]. Note 
that for different code channels at the same step, the MCI (or 
noise) terms in the decision variable of real part are correlated 
to each other, i.e., ( ) { }0 10 1 ,0, ,0,,MCI I k I kk k E MCI MCIα =  is not 
zero. Therefore, the decision variables on the KC+1 code 
channels are correlated. Hence, the calculation of ( ),0 ˆPr HeN  
involves a multivariate Gaussian distribution of KC+1 
dimensions, which becomes very complex when KC+1 is large. 
One method to tackle this problem is to ignore the correlation 
between error events, but this approximation results in an 
underestimation of the BER. To reduce the complexity and 
take the correlations into account, another approach is to 
approximate the multivariate Gaussian probability by a group 
of two-variate probabilities, which can be upper bounded [7] 
and make the calculation feasible. As verified by simulations, 
this approach can provide more accurate estimation on the 
BER performance than the one ignoring correlations.  
After calculating ( ),1 ,0 ˆPr ,He eN N  etc. in a similar way as 
that of ( ),0 ˆPr HeN , ( ),0 , 1 ˆPr , , He e sN N −L  and thus  ( ),seP H  can 
be obtained. Finally,  
( )
,
s
e
P
H
 is averaged over all Hˆ  to obtain the 
final average BER at the sth step, which can be numerically 
evaluated by a Monte Carlo Approach. 
IV. NUMERICAL RESULTS 
Some representative numerical and simulation results are 
shown in this section. The configuration of the multi-code 
MIMO-OFCDM system is as follows. The number of transmit 
antennas and receive antennas are both four. The system 
bandwidth is set to 100MHz and the number of sub-carriers M 
is 1024. The time domain spreading factor NT equals eight and 
the frequency domain spreading factor NF is 16. To obtain the 
maximum data rate, a full loaded MIMO-OFCDM system 
with K=N data code channels is considered. Each packet is 
composed of Nd=52 OFCDM symbols, with the first NP=4 
symbols reserved as pilot symbols.  
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The semi-analytical performance of an uncoded system is 
verified by simulations in Fig. 3 as a function of SNR. As a 
comparison, Fig. 3(a) and 3(b) plot the BERs calculated from 
the proposed analytical approach (approach (a)) and the one 
where no correlation is considered (approach (b)), respectively. 
It can be seen that for the 3rd antenna, the analytical results of 
both approaches match well with the simulated ones, because 
at the 0th step of ZF-MMSE-SIC detection there is no MAI 
cancellation and no error propagation. For later detected 
antennas, the analytical results of approach (a) keep close to 
the simulated BER, while the results of approach (b) deviate 
from the simulated ones, especially at high SNR. The reason 
is that as the ZF-MMSE-SIC detection goes on step by step, 
the errors at previous steps propagate to the current one and 
have a cumulative effect on the BER performance. Their 
influence is apparent in the 2nd and 3rd steps as they dominate 
the BER performance, particularly at high SNR. It is clear that 
the correlation between the error events at previous steps 
should be taken into account, otherwise the analytical BER 
becomes too optimistic. 
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For the sake of clarity, the analytical results of approach 
(b) are only shown for the last stage of detection in the 
following investigations. As illustrated in Section II, the 
MIMO-OFCDM system employs a practical channel 
estimation algorithm by using the time-multiplexed pilot 
channel. Since the total transmission power is limited, the 
power should be suitably allocated to the data channels and 
the pilot channel to achieve the best performance. Fig. 4 
shows the system performance as a function of the power ratio 
between the pilot and all data channels ( Kβ ). It can be seen 
that when Kβ  is small, the pilots have low power and the 
channel estimation quality is poor, resulting in a high BER. 
When Kβ  increases, the BER reduces as the quality of 
channel estimation improves. The BER reaches a minimum 
value for a particular value of Kβ . Further increasing Kβ  
beyond that value increases BER due to too little power 
assigned to data channels. At different antennas, the system 
always achieves near optimum performance when Kβ  takes 
value between 2.0 to 6.0. It can also be seen that the analytical 
results obtained from the proposed approach matches well 
with the simulations for all values of Kβ , while the 
analytical BER of approach (b) for the last stage of detection 
is much lower than the simulated BER, especially near the 
optimum Kβ . This demonstrates that under various channel 
estimation qualities, the proposed semi-analytical approach 
can provide accurate performance evaluation. 
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Fig. 5 illustrates the effect of sub-carrier correlation on the 
BER performance. Given a system bandwidth, the number of 
sub-carriers M and spreading scheme T FN N N= × , the 
correlation coefficient 0, BNρ  ( B FN M N= ) varies with 
channel coherence bandwidth cfΔ . Again, approach (a) 
provides precise BER estimation with various sub-carrier 
correlation conditions, while the BER on the last stage of 
detection using approach (b) is significantly underestimated. 
Moreover, it can be seen that the BER increases with 0, BNρ . 
This is because frequency diversity gain can be obtained in the 
MIMO-OFCDM system by means of a spreading of 16FN =  
in the frequency domain and MMSE detection. When 0, BNρ  
gets larger, the frequency diversity gain reduces, resulting in a 
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degraded BER. However, the BER degradation of MIMO-
OFCDM is negligible for 0, 0.7BNρ ≤ . 
V. CONCLUSIONS 
With practical channel estimation, a MIMO-OFCDM 
system with 2-D spreading and multi-code transmission has 
been semi-analytically investigated in this paper. The semi-
analytical results have been verified by simulations. It can be 
concluded that under various channel estimation qualities and 
channel correlation conditions, the proposed semi-analytical 
approach provided a precise estimation for the system 
performance which was more accurate than the one 
considering no correlation. 
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